Background and aims-Alterations in gluconeogenesis in the diseased liver can be assessed non-invasively using magnetic resonance spectroscopy by measuring changes in phosphomonoester resonance which contains information regarding several metabolites, including the phosphorylated intermediates of the gluconeogenic pathway.
Gluconeogenesis is a pathway of key importance to humans, being essential for maintaining the supply of glucose to the brain and muscle. Derangements of carbohydrate metabolism in cirrhosis are manifest as progressive glucose intolerance but in decompensated patients there may be acute post absorptive hypoglycaemia, primarily due to a reduction in hepatic glycogen capacity. 1 2 The mechanisms of glucose intolerance in chronic liver disease are not completely characterised but could be due to one or more factors such as altered glycolytic enzyme activity, changes in specific glucose transporter expression, reduced insulin production, or impairment of membrane receptors for insulin. Resting energy expenditure is increased 3 in patients with cirrhosis but the respiratory quotient is reduced, indicating the use of fat stores as an energy source. 4 This requirement for such an alternative energy source probably arises because there are reduced hepatic glycogen stores. 5 6 The need to maintain normal hepatic glucose output results in the observed increase in gluconeogenesis. [6] [7] [8] However, the response of the cirrhotic liver to an amino acid challenge is not fully determined in humans.
In vivo phosphorus-31 magnetic resonance spectroscopy ( 31 P MRS) is a non-invasive technique which can be used to measure certain phosphorylated compounds, including the phosphorylated intermediates of the gluconeogenic pathway. At clinical magnetic field strengths, some of the 31 P MR resonances observed are multicomponent, the in vivo 31 P MR spectrum of the human liver containing phosphomonoester (PME), phosphodiester (PDE), inorganic phosphate (P i ), and three nucleotide triphosphate (NTP) resonances. 9 The PME resonance includes contributions from precursors of phospholipid membrane synthesis (phosphocholine (PC) and phosphoethanolamine (PE)) as well as contributions from adenosine monophosphate (AMP) and gluconeogenic intermediates such as glucose-6-phosphate (G6P) and 3-phosphoglycerate (3PG). 10 L-alanine has been shown in animal studies to increase gluconeogenic rates following its conversion to pyruvate. 11 In our previous work we demonstrated that following an intravenous bolus injection of L-alanine there were significant changes in the in vivo hepatic 31 P MR spectra of healthy volunteers. 9 Increases in PME resonance were observed which were attributed to altered gluconeogenesis. Confirmatory in vivo animal studies revealed that these PME changes in the healthy liver following a progluconeogenic stimulus with an intravenous L-alanine infusion were caused by increased gluconeogenic precursors, such as 3PG and G6P. 12 Simultaneous in vivo hepatic 31 P MRS and glucose turnover measurements using labelled glucose and alanine in patients with cancer cachexia has demonstrated that the elevated hepatic PME levels observed following an alanine challenge are a result of increased glucose flux and gluconeogenesis from alanine. 13 In this study we used in vivo hepatic 31 P MRS to delineate spectral changes which can be used to provide insight into altered hepatic gluconeogenesis. In light of previous 31 P MRS studies of the liver following a progluconeogenic stimulus with L-alanine, 9 12 13 we wished to test the hypothesis that gluconeogenesis is significantly impaired following intravenous L-alanine challenge in patients with functionally decompensated chronic liver disease. We aimed to establish whether 31 P MR spectral patterns could be distinguished between patients with functionally compensated and decompensated cirrhosis, reflecting diVerences in gluconeogenic rates in the two groups of patients. Results were compared with data from matched normal healthy volunteers.
Materials and methods
The study was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association and prior ethics approval was obtained from the ethics committee of Hammersmith Hospital, London, UK (REC 93/4239). All subjects provided written informed consent. Individuals with claustrophobia, cardiac pacemakers, or magnetic implants were excluded from the study. Each study was undertaken after a 12 hour overnight fast.
SUBJECTS
Six healthy volunteers (mean age 48 (range 32-63) years) with no clinical or biochemical evidence of liver disease were studied. None was taking regular medication and all consumed less than 20 g of alcohol per day. All were abstinent from alcohol for at least three days prior to the study.
All patients had clinically stable biopsy proved cirrhosis. Three patients (30%) had primary biliary cirrhosis (PBC) and seven (70%) alcohol related cirrhosis (abstinent for at least six months). Liver function was assessed using the standard Pugh score 14 which grades liver function in patients with cirrhosis, ranging from a score of 5 (best or normal function) to 15 (worst function). Data were acquired on the day of the MRS study (table 1) . Patients were divided into two groups (table 1) : those with a Pugh score <7 (mean 6) were classified as having functionally compensated cirrhosis (four males, one female). Three patients had alcohol related cirrhosis and two had PBC. They did not have hepatic encephalopathy or ascites and had more modest impairment of liver function. Their mean plasma urea level was 5.6 (range 4.3-6.7) mmol/l. Those with a Pugh score >8 (mean 10) were classified as having functionally decompensated cirrhosis (two males, three females). Four patients had alcohol related cirrhosis and one had PBC. They had greater impairment of liver function but did not show signs of overt hepatic encephalopathy or ascites at the time of the MRS study. Mean plasma urea level was 4.5 (range 4.1-6.0) mmol/l. None of the patients in this group had any recent oesophageal variceal haemorrhage. Fasting plasma glucose levels were normal in all subjects and none had biochemical evidence of renal insuYciency.
STUDY PROTOCOL
Before each subject was positioned in the centre of the MR machine, intravenous access was gained via the antecubital veins of both arms using an 18 gauge cannula. The left arm was used for infusion of L-alanine and the right for sampling of blood. Blood was drawn at 15-20 minute intervals. Each subject had continuous electrocardiograph monitoring, and blood pressure and pulse were recorded at five minute intervals. After obtaining a sample of blood for initial biochemical measurements and obtaining three baseline 31 P MR spectra, a solution of pyrogen free L-alanine (1.12 mol/l) (Boots Co., Nottingham, UK), prewarmed to 35°C in a water bath, was infused at a dose of 2.8 mmol/kg over a five minute period. P MR spectra were acquired using a 1.5 T Eclipse MR machine (Marconi Medical Systems Inc, Cleveland, Ohio, USA). An enveloping transmitter body coil and a separate 15 cm surface coil, which was placed over the surface of the liver in the anterior axillary line, were used, both of which were double tuned for protons at 64 MHz and for phosphorus at 26 MHz. The proton signal was used for shimming and to obtain a T 1 weighted image in the axial plane to confirm spatial localisation. Localised spectra were obtained from eight parasagittal planes each of nominal width of 30 mm, using a two dimensional chemical shift imaging (2D-CSI) technique. 15 16 Data were collected with a repetition time of 1000 ms (16 averages) and a pulse angle of 45°. Sequential spectra were obtained continuously at five minute intervals for 90 minutes following infusion of L-alanine.
DATA PROCESSING
A single observer (MAK) who was blinded to the patient's clinical condition analysed all data. The spectra were processed with a cosine filter in the spatial domain and a 60 ms exponential (5 Hz Lorentzian) filter in the time domain. After Fourier transformation, all data were manually phased. A sophisticated lineshape fitting analysis program (FITPLA) was employed which used a complex Lorentzian as a model function for each resonance. 17 18 The baseline roll caused by the delay in applying the localising phase encoding gradients in the 2D-CSI sequence made it necessary to perform the lineshape fitting analysis in three different phases. All spectra were baseline corrected using a baseline artefact subtraction (BLAST) technique. 19 Baseline spectra were added together to improve the signal to noise ratio and analysed using the following lineshapes: (I) PME+P i +PDE+PCr: a Lorentzian lineshape was assigned for each metabolite without the intensity, half linewidth, and chemical shift preset. A model lineshape was then constructed for this complex of metabolites.
(ii) -NTP and -NTP: two Lorentzian lineshapes were assigned with the respective half linewidths, intensities, and chemical shifts fixed as these parameters remained constant. (iii) -NTP: three Lorentzian lineshapes were assigned with relative half linewidths, intensities, and chemical shifts fixed.
The same model lineshape was used for each NTP resonance in all spectra. 18 Owing to the fact that NTP values may change following alanine infusion, all MRS data are expressed as a percentage of the total 31 P MRS signal in this dynamic study 20 rather than as a ratio to -NTP, which is an alternative standard methodology more suited to single non-dynamic measurements. 21 The use of external reference standards for absolute quantification purposes was precluded, owing to the requirement for additional scanning time in what was already a lengthy MR study for these patients.
BIOCHEMICAL MEASUREMENTS
Plasma was assayed for alanine, insulin, glucagon, lactate, and urea using standard immunohistochemistry, high pressure liquid chromatography, and biochemical techniques. Capillary ammonia was measured using a Blood Ammonia Checker II (Kyoto Daiichi Kagaku Co., Ltd, Kyoto, Japan). Glucose levels were measured using an automated glucose analyser (RA-1000; Technicon Instrument Co. Ltd., Basingstoke, UK).
STATISTICS
The statistical significance of biochemical or MRS changes within a patient or volunteer group was calculated using one way analysis of variance. DiVerences in baseline values of individual variables were calculated using the Mann-Whitney test. Changes in individual metabolites following infusion of alanine were calculated using an "area under the curve" (AUC) method. The statistical significance of the diVerences in AUC between groups was calculated for each variable using the MannWhitney U test; p values less than 0.05 were considered to be statistically significant.
Results

P MRS
Baseline values
Typical baseline in vivo 31 P MR spectra obtained prior to L-alanine infusion are illustrated in fig 1. The most prominent diVerences between patients and healthy volunteers were in the PME and PDE resonances. There was a marked elevation in %PME by 35% (p<0.01) in compensated cirrhosis and by 57% (p<0.01) in decompensated cirrhosis compared with normal resting values (fig 2A) . Baseline %PDE values were significantly decreased in patients (FIG 3) At baseline, plasma glucose was not significantly diVerent in the three groups. Following L-alanine infusion, both healthy volunteers and patients with compensated cirrhosis showed a net increase in circulating glucose which reached a peak at 35 minutes and then returned to preinfusion values. Glucose levels fell in patients with decompensated cirrhosis, returning to preinfusion levels at 90 minutes. The AUC for plasma glucose was not significantly diVerent from baseline values in the three study groups.
CHANGES IN PLASMA GLUCAGON (FIG 3)
Basal serum glucagon levels were elevated in both patient groups compared with healthy volunteers but only the compensated group showed a significant diVerence (p<0.05). After L-alanine infusion, healthy volunteers showed a steady but significant (p<0.01) increase in serum glucagon levels from 9.1 (1.0) to 17.9 (1.7) pmol/l. The compensated group showed a significant increase from 12.0 (0.8) to 15.6 (0.5) pmol/l (p<0.01) immediately following Absolute % of total L-alanine. The AUC for plasma lactate was significantly diVerent in healthy volunteers compared with patients with decompensated cirrhosis (p<0.05). No significant diVerences were observed between the other groups.
Figure 2 Changes in (A) percentage phosphomonoester (%PME) and (B) percentage inorganic phosphate (%P i ) after infusion of L-alanine in healthy volunteers
Discussion
This is the first study to apply in vivo hepatic 31 P MRS as a non-invasive tool to determine dynamic changes in PME resonance in patients with cirrhosis of varying severity following bolus infusion of the progluconeogenic amino acid L-alanine. The combination of hepatic 31 P MRS and measurement of plasma alanine and glucose indicate changes in hepatic gluconeogenesis. 12 13 Our results also suggest that changes associated with the PME and P i regions of the 31 P MR spectra following infusion of L-alanine may help diVerentiate between patients with compensated and decompensated cirrhosis and healthy subjects. PME resonance is multicomponent and its constituents cannot be completely resolved using clinical MR systems, but at higher magnetic field strengths in vitro MRS techniques provide the required spectral definition to separate these metabolites. In vitro MRS methods on human tissue extracts have been used to study the metabolite changes responsible for in vivo PME signals in normal liver. 22 This technique has also been applied by our group to the study of patients with cirrhosis. 10 PME resonance includes contributions from the precursors of phospholipid membrane synthesis PC and PE 10 22-24 as well as contributions from AMP and phosphorylated intermediates of the gluconeogenic and glycolytic pathways. 10 22 24 Our previous studies established the feasibility of using in vivo hepatic 31 P MRS as a non-invasive indication of gluconeogenesis in healthy human volunteers and animals through real time measurement of changes in PME resonance which reflects hepatic production of gluconeogenic intermediates such as 3PG, phospho-enol pyruvate, and G6P following L-alanine challenge. 9 12 The technique has been validated in cachectic cancer patients using simultaneous 31 P MRS of the liver and glucose turnover measurements with labelled glucose and alanine. 13 The elevation in PME resonance following intravenous L-alanine infusion has been demonstrated to be related to increased gluconeogenesis rather than glycolysis. 13 25 26 As with previously published studies, 9 12 13 25 26 the most obvious change in the current study was a rise in PME resonance with a reciprocal decrease in P i resonance. Baseline PME values in patients with decompensated cirrhosis were the most elevated and our previous cross sectional in vivo and in vitro 31 P MRS studies of the cirrhotic liver have shown that this elevated baseline PME resonance correlated with worsening functional severity of liver disease. 24 These changes are related to increased generation of cell membrane precursors such as PC and PE in the failing liver. 16 24 However, following L-alanine infusion there was no significant change in this resonance in these patients but both healthy volunteers and patients with compensated cirrhosis showed a steady PME increase which reached a maximum after 60 and 40 minutes, respectively. This dynamic MRS change was probably caused by increased production of gluconeogenic intermediates such as 3PG and G6P in the liver. These observations have been demonstrated previously in the rat 12 and in patients with lung cancer. 13 25 26 Unlike our study where it was not possible to use isotope tracer studies to confirm the MRS findings, the series of studies on patients with cancer cachexia have confirmed using tracer methodologies that the PME changes represent altered hepatic gluconeogenesis following L-alanine infusion. 13 26 The negligible PME response in patients with decompensated cirrhosis suggests that the gluconeogenic capacity of the cirrhotic liver was already at maximal capacity.
Increased hepatic metabolic activity, including -oxidation of fatty acids and gluconeogenesis, is associated with a reduction in the MR invisible mitochondrial P i pool and also the cytoplasmic P i pool which can be detected non-invasively by 31 P MRS. 27 Unlike the multicomponent PME resonance, P i resonance is not complicated by other metabolites and its fluctuations following L-alanine infusion are probably a better indicator of the true dynamics of hepatic metabolism following a gluconeogenic stimulus. In this study, patients with compensated cirrhosis exhibited significantly reduced baseline %P i values compared with values in healthy volunteers. This observed reduction may be attributable to increased basal gluconeogenic rates in patients with compensated cirrhosis which could also be inferred from the elevated baseline plasma glucose levels and %PME values compared with healthy volunteers. However, following a metabolic challenge with L-alanine infusion, there was a significant decrease from baseline in %P i values in all subjects which was least remarkable in patients with decompensated cirrhosis. This is consistent with the lack of any significant change in %PME in this patient group.
The mechanism of increased gluconeogenesis in cirrhosis remains unclear. This may be the result of reduced glycogen stores, a defect of glycogenolysis, or an alteration in the insulin/glucagon ratio. Petersen and colleagues 6 have shown a 34% reduction in hepatic glycogen stores and a reduction of 3.5-fold in the rate of glycogenolysis in patients with well compensated cirrhosis compared with healthy volunteers. It would be reasonable to hypothesise that patients with decompensated liver disease may have a more substantial reduction in glycogen stores and a more profound reduction in the rates of glycogenolysis. In order to be able to provide adequate amounts of glucose for peripheral metabolism, gluconeogenesis must be increased in the context of reduced generation of glucose from glycogen. Kabadi has suggested that reduced hepatic glycogen stores may be the regulator of increased glucagon concentration observed in patients with cirrhosis.
The patient group that we studied with compensated cirrhosis had hyperinsulinaemia which is thought to be related to decreased hepatic metabolism of insulin 28 whereas patients with decompensated cirrhosis had much lower insulin levels, probably because they were unable to mount a gluconeogenic response with exogenously administered L-alanine. These observed changes in insulin/ glucagon ratio in addition to insulin resistance may contribute to the increase both in basal gluconeogenesis and that observed after bolus infusion of L-alanine in patients with compensated cirrhosis. 29 The most striking observation in this study was in patients with decompensated cirrhosis. This patient group exhibited no increase in %PME following infusion of L-alanine, which probably reflects maximal gluconeogenesis, despite elevated levels of plasma glucagon compared with the other two groups. The mechanism of the increase in glucagon concentration following L-alanine infusion is likely to be due to a direct stimulatory eVect of L-alanine on glucagon secretion. 30 The lack of any gluconeogenic response to hyperglucagonaemia suggests resistance to the action of glucagon in decompensated cirrhosis. The underlying pathophysiological basis of this resistance has been postulated to be due to lack of glycogen stores. This supposition has not been supported by the results of a recent study of whole body gluconeogenesis in patients with cirrhosis using stable isotope technology, which confirmed that these patients have increased gluconeogenesis. 8 However, the glycaemic response to glucagon infusion was blunted despite repletion of glycogen stores. This observation suggests that the mechanism underlying the observed glucagon resistance is unlikely a result of reduced glycogen stores but may be due to a receptor or postreceptor defect. The latter is more probable because patients with cirrhosis have resistance to multiple hormone systems including epinephrine and insulin. 29 31 Tabaru and colleagues 32 investigated the glycaemic response to bolus infusion of branched chain amino acids in patients with cirrhosis of varying severity and observed an exaggerated glycaemic response in patients with compensated disease and a minimal glycaemic response in patients with decompensated disease. This is consistent with the results of our study. The increment in plasma insulin concentration was similar to that observed in our study suggesting insulin resistance in patients with compensated cirrhosis. In contrast, patients with decompensated disease showed increments in plasma glucagon concentration which were similar to those observed in our study which are suggestive of glucagon resistance. Taken together, it is likely that the predominant derangement in carbohydrate metabolism in patients with compensated cirrhosis is insulin resistance whereas glucagon resistance prevails as the predominant abnormality in patients with decompensated liver disease.
Numerous previous studies have shown a progressive reduction in urea synthesis in patients with increasing severity of liver disease which is refractory to glucagon infusion and is likely to reflect reduced hepatic function in patients with cirrhosis. 8 33 34 Changes in the concentration of ammonia were appropriate and expected in healthy volunteers and patients with compensated cirrhosis. The increase in ammonia following L-alanine infusion is likely to result from transamination of alanine which is then channelled into the gluconeogenic and other pathways. 9 12 31 P MRS highlights the diVerences in metabolic response between patients with compensated and decompensated cirrhosis following bolus infusions of L-alanine. The elevation in%PME and the reciprocal reduction in %P i provides good diVerentiation between healthy volunteers and patients with compensated and decompensated cirrhosis. These results indicate increased basal gluconeogenesis in compensated cirrhosis and impaired capacity of the failing liver to increase gluconeogenesis following infusion of the progluconeogenic substrate L-alanine, in decompensated cirrhosis. This observation may explain the tendency of patients with decompensated disease to develop hypoglycaemia when placed in a stressful environment.
In vivo hepatic 31 P MRS provides a noninvasive indication of hepatic gluconeogenesis following L-alanine infusion. The technique has now been shown to be valuable in studies of cancer cachexia and cirrhosis and may have wider applications in assessing other disease states where gluconeogenic control is impaired, such as diabetes mellitus.
